Abstract. We studied phycoerythrin (PE) in human SW480 tumor cells and the underlying molecular mechanisms of action. PE inhibited cell proliferation as evidenced by CCK-8 assay. The IC 50 values of phycoerythrin were 48.2 and 27.4 µg/ml for 24 and 48 h of exposure, respectively. PE induced apoptosis and cell cycle arrest in SW480 cells as observed under electron microscopy and with flow cytometry. Apoptosis increased from 5.1 (controls) to 39.0% in 80.0 µg/ml PE-treated cells. Differences in protein expression were identified using proteomic techniques. Protein spots (1018±60 and 1010±60) were resolved in PE-treated and untreated group. Forty differential protein spots were analyzed with MALDI-TOF-MS, including GRP78 and NPM1. The expression as measured by qPCR and western blotting agreed with data from two-dimensional electrophoresis. GRP78, NPM1, MTHSP75, Ezrin and Annexin A2 were decreased and HSP60 was increased after PE treatment, indicating that PE may target multiple proteins to induce apoptosis.
Introduction
Colon cancer, a highly malignant tumor, is the 3rd most common cause of cancer-related death according to global epidemiological data and the prevalence is increasing in the face of better nutrition and improved living conditions (1) . Traditional therapeutic methods for treating colon cancer include surgical tumor removal, chemotherapy and radiotherapy, but these are limited by tumor recurrence and significant side-effects. Specifically, 5-year survival of hepatic metastases from large bowel carcinomas with surgical treatment is less than 30% (2), thus, better therapies or approaches are needed urgently. Investigations of signaling molecules that are expressed in tumors may be a promising avenue.
Gracilaria lemaneiformis (kelp referred to as Nostoc), is a Gracilaria species (gigartinales rhodophyta) and a rich source of polysaccharides, protein, vitamins and multiple minerals such as phosphorus, calcium, iodine, iron, zinc and magnesium (3) . Phycoerythrin (PE) from G. lemaneiformis is an important light-harvesting protein with potential use in the food and drug industries with potential antioxidant, immunomodulatory, antitumor, radiation-resistant, anti-anemic and anti-aging properties as well as few side-effects (4). Chen et al (5) demonstrated that PE facilitated macrophage phagocytic activity in tumor-bearing mice and enhanced non-specific immunity. Gao et al (6) revealed that PE inhibited human breast cancer MCF-7 cells and induced apoptosis related to cell cycle arrest but the antitumor effects were complex and the molecular mechanism for this outcome remains unclear.
Genomics permits the study of tumorigenesis at the molecular level and proteomics allows a focus on expression and function of tumor proteins (7) for screening and identifying tumor biomarkers (8, 9) , classifying tumors (10) , and for developing drugs as well as assessing mechanisms of oncogenesis (11) . Thus, with proteomic technology and bioinformatic analysis we investigated molecular mechanisms of PE inhibition of SW480 cells and identified the proteins associated with proliferation and inhibition. These data will offer a theoretical foundation for future development of cancer therapeutics.
Materials and methods
Cell strain. The human colon cancer SW480 cell line was purchased from the Cell Bank at the Chinese Academy of
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in proliferation and apoptosis of SW480 cells Microscopic observation. Polylysine-preprocessed coverslips were seeded in 6-well plates and 1.5 ml cell suspension (1.5x10 4 /ml) was added to each well. Next, 24 h later, cells were treated with PE (0, 20, 40 and 80 µg/ml) for 48 h. Some samples were examined under an inverted microscope, and others were collected, rinsed three times with 0.01 mol/l PbS (ph 7.0), followed by fixation with 2.5% glutaraldehyde and 1% osmic acid. Ethanol was used for dehydration. After drying under CO 2 and ion sputtering and metal spraying, samples were visualized under a scanning electron microscope (Hitachi S-3000N; Hitachi, Ltd., Tokyo, Japan) (13) .
FCM measurement of apoptosis. Cells were seeded (5x10 4 /ml) into 25-ml culture flasks for 24 h and were treated with PE at different concentrations (0, 10, 20, 40 and 80 µg/ml, respectively) for 48 h. According to the Annexin V/PI kit instructions, primary medium was removed and pancreatin solution without EDTA was added for digestion which was terminated by adding medium. After centrifugation, 0.5 ml PBS (10 mmol/l, pH 7.0), 10 ml media with binding reagent, 1.25 µl FITC (200 µg/ml) and 10 µl PI (50 µg/ml) were added into each tube successively. The reaction was at room temperature and in the dark for 10 min and flow cytometry (BD Biosciences, San jose, CA uSA) was used to measure cells and data were analyzed using WinMDI 3.0 (14) . All experiments were performed in triplicate.
FCM cell cycle determination. Cell samples were prepared and analyzed as described above. Cells treated with PE for 48 h were collected and fixed with pre-cooled 70% ethanol overnight at 4˚C and washed with 0.01 mol/l PBS three times. After permeabilization, cells were treated with RnAse (final concentration, 10 µg/ ml) for 1 h at 37˚C and then stained with PI (final concentration, 50 µg/ml). The reaction was incubated at 37˚C in the dark for 30 min and flow cytometry was used to measure cell cycle arrest. Data were analyzed using bD FACSDiva software (14) . All experiments were repeated three times.
Proteomics for analyzing protein. Cell lysis buffer (200 µl, 7 mol/l urea, 2 mol/l thiourea, l4% ChAPS, 40 mmol/l Tris, 65 mmol/l DTT, 5 mmol/l PMSF, 1 mg/ml DnaseⅠ and 0.25 mg/ml Rnase A) was added to 1.5x10 6 cells and incubated for 30 min with intermittent swirling. The solution was centrifuged at 15,000 rpm for 30 min at 4˚C and supernatant was collected. Total protein was quantified with a BCA protein assay kit (15) and stored at -80˚C.
First-dimension of analysis with isoelectric focusing electrophoresis was used on 200 µg samples mixed with loading buffer (7 mol/l urea, 2 mol/l thiourea, 4% ChAPS, 65 mmol/l DTT, 0.2% bioLyte and 0.001% bromophenol blue). IPG glue solid state strips were used as carriers. The maximum current was 60 µA/IPG strip, which were hydrated and focused at 20˚C. Isoelectric focusing was performed under 8,000 V (total voltage-time of 30,000 Vh). Focused tapes were put into equilibration buffer (6 mol/l urea, 2% SDS, 50 mmol/l Tris-HCl, pH 8.8 and 20% glycerol) containing 1% DTT and 4% iodoacetamide for 15 min. Then, tapes were transferred to 12% PAGE covered with agarose. 2D analysis SDS-PAGE was electrophoresed. The current (10 mA/gel) was maintained for 15 min and increased to 30 mA/gel until bromophenol blue reached the bottom. After silver staining (16), GS-800 transmission and scans were used to collect and analyze gel images (resolution 63.5x63.5). For protein identification by MS, protein dot matching was performed between analytical silver stained gels and preparative gels to correlate the precise spot position to be excised. Protein spots were compared by image-matching analysis using PDQuest 7.4.0.
Mass spectrum identification of differential protein spots.
Differential spots were excised from gels and placed into 1.5-ml tubes, washed with Milli-Q water three times followed by addition of destaining solution (15 mmol/l potassium ferricyanide and 50 mmol/l sodium thiosulfate were premixed at a volume ratio of 1:1) and samples were incubated for 20 min. After two additional washes with Milli-Q water, pellets were immersed in acetonitrile and dehydrated. Acetonitrile was discarded and trypsin digestion (12.5 mg/l, performed with 20 mmol/l ammonium bicarbonate) was added and incubated at 4˚C. Then the gel was kept at 37˚C for 18 h for enzymatic hydrolysis. Enzymatic reaction liquid was collected and the gel was washed with 0.1% TFA/50% acetonitrile mixture twice with slight agitation to extract peptide fragments. Extraction liquid was dried under nitrogen and redissolved in 0.7 µl 5.0 g/l ChCA matrix (dissolved in 50% acetonitrile and 0.1% TFA). Samples were loaded on a stainless steel 192-well target plate and air-dried. Peptide mass fingerprints were obtained with MALDI-TOF-M (Bruker Daltonics, Inc., Billerica, MA, uSA) and precision peaks quality was corrected according to automatic switching peaks of trypsin as an interior reference. Mass spectrometric data were retrieved using Mascot software (www.matrixscience.co.uk) in Swiss-Prot and NCbI nr database (retrieval parameters: trypsin digestion, permissible error ± 0.2 Da, oxidative modification of methionine, iodoacetamide modification of cysteine) (17) .
qPCR technique identifying mRNA expression of differential proteins. The primer sets (Table I) were designed for amplification of β-actin and the expressed genes using the Premier 5.0 software and synthesized by Shanghai Sunny biological Technology Co, Ltd. (Shanghai, China). Total RnA was extracted from PE-treated and untreated SW480 cells with Dnase I by RNase-Free Dnase Set (Qiagen, Hilden, Germany). cDnA was obtained by reverse transcription using PrimeScript RT-PCR kit (Takara). SYbR-Green I-based qPCR was performed according to routine protocols (18) using the ABI StepOnePlus Real-Time PCR system (Applied Biosystems, Carlsbad, CA, uSA) and three replicates were performed for all genes in each sample. Relative changes of gene expression were measured using the 2 -ΔΔCt method. Relative quantification of targets in each sample was carried out using β-actin as a control.
Western blotting testing. Samples were mixed with Laemmli's loading buffer, boiled for 5 min, and subjected to 12% SDS-PAGE at 120 V followed by electroblotting to nitrocellulose membrane for 2 h at 80 V. Membranes were blocked for 1 h with 5% skim milk in TbS at room temperature and subsequently probed overnight with anti-p53, anti-caspase-3 and anti-β-actin. The membranes were rinsed and incubated with an HRP-conjugated secondary antibody. Following the secondary antibody incubation, the membranes were rinsed and bound antibodies were detected using enhanced chemiluminescence according to the manufacturer's instructions. The protein bands were quantified by densitometry analysis.
Statistical methods. The SPSS 16.0 software was used to carry out statistical analysis and data are means ± SD. A Student's t-test was used to assess differences which were considered statistically significant at P<0.05.
Results
PE inhibits SW480 cell growth. PE inhibited SW480 cell growth in a dose-and time-dependent manner (Fig. 1A) . In addition, IC 50 values of PE for 24 and 48 h of exposures were 48.2 and 27.4 µg/ml, respectively. PE inhibited cell growth at 80 µg/ml for 24 h and data for beyond 48 h with 40 µg/ml were similar to those of positive controls (Fig. 1b) .
Morphological effect of PE on SW480 cells. Microscopic data indicate that control SW480 cells had spindle shapes, adhered to the cell wall and tight junctions and were partially overlapped. Nuclei were large and the nucleolus was clear and dark. Increasing PE concentration caused cell shrinkage, loosening of cell junctions and some cell detachment and floating. In addition, nuclei were shrunk and some were broken (Fig. 2A) . Control SW480 cells had denser and bigger microvilli on the surface, radially stretching outward and regularly arranged as observed under a scanning electron microscope. Increasing PE concentrations caused shortening of microvilli and cell morphology was abnormal and damaged. After treatment with 40 µg/ml PE cell shrinkage was obvious, and many apoptotic bodies budded from the cell membrane (Fig. 2b) .
PE-induced apoptosis in SW480 cells.
The results of the Annexin V-FITC/PI staining showed that, with the increase of the PE concentration, the apoptosis rate correspondingly increased (Fig. 3) . The early stage apoptosis rate increased from 3.8 to 29.0% while in the later stage it increased from 3.3 to 10.0%.
PE affects cell cycle distribution in SW480 cells.
After PE treatment for 48 h, FCM was used to analyze the cell cycle. Table II shows that most cells were arrested in the G 0 /G 1 phase and cells were arrested in the S stage in controls. PE treatment increased cells arrested in G 2 /M phases. Flow cytometry confirmed that PE induced G 2 /M cell cycle arrest in SW480 cells and this was concentration-dependent. PE-induced apoptosis may be related to cell cycle inhibition at G 2 /M stages.
DE atlas analysis.
Total proteins of control and PE-treated group were subjected to 2DE analysis and data show that 3 gels from controls generated an average of 1010±60 protein dots whereas 3 gels from the treatment group had 1018±60 dots and matching score was 99%. Comparing two groups of proteins with expression that was 2-fold more or less were consistent with the data from the gels and these proteins were selected for additional analysis. A total of 379 proteins were identified (Fig. 4A) , including 188 upregulated and 191 downregulated proteins. Of these 40 protein dots were chosen for MS analysis (Fig. 4b) . Fifteen of their positive protein spots (Table III) Its antitumor effects are of interest for treating tumors as a photosensitizer or a fluorescent probe but few studies suggest any direct cancer inhibition (20) . Recent reports of antitumor effects of PE indicate that PE significantly suppresses growth of human cervical cancer HeLa cells and this is dose-dependent. With PE treatment, HeLa cells were arrested at the G 2 /M phase and cell proliferation was inhibited and apoptosis occurred (21) but how this happened was unclear. Previous studies suggest that PE induced cell apoptosis perhaps by reducing mitochondrial membrane potentials and damaging their integrity (22), which was essential for live cancer cells. Also, PE caused cell cycle arrest and apoptosis by upregulating expression of cyclin dependent kinase CDC25A which increased cyclin at G 1 and S stages and indirectly downregulated its binding protein, CDK2 (23) . With proteomics, we screened and identified 15 proteins related to PE inhibition of colon cancer, including metabolism-and apoptosis-related proteins, a cytoskeletal and a carrier protein and another protein of unknown function. Thus, 6 proliferation-associated protein proteins had modified expression and most were related to apoptosis, or signal pathway interference.
Heat shock proteins (HSPs) have highly conserved structures and are common to all biological cells as they participate in cell growth and metabolism. HSPs exist as HSP70, 90, 60 and micromolecular hSP (24) . Among the hsp70 family are cytoplasmic HSP70, mitochondria HSP75 and endoplasmic reticulum (ER) glucose regulatory protein GRP78 or immune globulin heavy chain binding protein, which can promote correct protein folding to maintain normal ER function of and interaction with enzyme 1 (IRE1), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6) to turn on/ER stress for tumor cells to escape stress-induced apoptosis. Also, GRP78 may upregulate expression of anti-apoptotic molecule bc1-2 within the nucleus to bind with caspase-7 and caspase-12 in the cytoplasm to prevent ER stress and subsequent cell cascades (25) . GRP78 was reported to be critical to tumor cell growth by inhibiting expression of fibrosarcoma cells and constraining tumor formation in animals. Neuroglioma cells proliferate well when GRP78 is highly expressed. When the GRP78 gene was knocked out (26) , cancer cell apoptosis was accelerated via induction of ER stress. Dong et al (27) reported that GRP78 facilitated tumor growth by improving proliferation and the anti-apoptotic ability of cancer cells. MTHSP75 is a chaperone located in mitochondria that helps regulate biological functions including cell survival, proliferation, chondriosome synthesis and transfer of intracellular protein (28) . MTHSP75 decreases cell damage by regulating opening of the mitochondrial permeability transition pore (29) and high expression of HSP75 may enhance anti-apoptotic capacities and motility of cancer cells and cause cell proliferation and transfer. Chen and Hang (30) observed changes in tumor growth and transfer ability using siRnA to silence HSP75 in a human osteosarcoma cell line and reported that this decreased cancer cell growth and transference. In most apoptotic systems, Hsp60 can be released from the mitochondria and aggregate cytoplasmically and enhance apoptosis. Cell death was also induced by active substance bMD188. Hsp60 accelerated caspase maturity and activation of caspase-3 (31). In the marrow stromal HS-5 cell line, HSP60 could activate caspase-3 and caspase-9 but not caspase-8, prompting release of mitochondrial cytochrome c to the cytoplasm, causing apoptosis (32) . In the present study, we found that SW480 cells underwent cell cycle arrest and increased apoptosis after PE treatment and that GRP78, mtHSP75 and HSP60 were downregulated, indicating similar functions.
NPM (or b23, NO38 and nurnatri), is a multifunctional phosphorylated shuttle protein (33) important to various physiological and pathological processes including centrosome duplication, ribosome synthesis, DnA repair, molecular chaperone and stress response caused by stimulants in vitro and in vivo. Previous studies confirmed that downregulation of mRnA of nPM slowed cell cycle progression and mitosis, and induced apoptosis and this may occur via p53 inhibition (34) . After uV radiation cells were damaged and NPM reset the nucleoplasm and regulated p53 and HDM2. by binding to HDM2, NPM negatively regulated HDM2-p53 and stabilized p53 (35) . Colombo et al (36) demonstrated that NPM interacted with p53 after stress and the p53 enhanced function may be attributable to transcriptional activity of downstream factor p21 to inhibit tumorigenesis. When NPM siRnA transfected A431 cells were tested, cell proliferation decreased and stopped at the S stage, and fewer cells were in the mitotic phase, inhibiting cell growth (37) . NPM1 in SW480 cells was down-regulated significantly after PE treatment and was similar to NPM1 silencing: SW480 cell growth was reduced indicating that NPM1 may be a target of PE to inhibit tumorigenesis.
Ezrin, the coding gene of vli2, as a member of the ezrin-radixin-moesin (ERM) family is a membrane cytoskeletal cross-linker protein involved in cell interaction and cell matrices via regulation of actin, controlling cellular morphology, adjusting cell adhesion molecules, signal transduction and engulfing tumor cells (38) . Ezrin has a significant role in the development, infiltration and transfer of tumor cells. Localized to a specific membrane area, ezrin combines with membrane proteins (such as CD44, CD95 and ICAM-2) and scaffolding proteins (such as E3KARR and EBP50) to activate the membrane cytoskeletal chain via signal transduction. Also, tyrosine phosphorylation sites on ezrin, when linked to PIP2, are activated and polar-oriented (39) . As a receptor of tyrosine kinase, ezrin can intracellularly signal to control cell proliferation and differentiation after a particular tyrosine kinase phosphorylation. Decreasing expression of ezrin protein inhibits cell proliferation and cells in metaphase cells decrease (40) . Also, a significant reduction of cellular pseudopod formation and their migration and invasiveness was reduced. Ezrin may do this through many pathways, but specifics are not known. Similarly, in SW480 cells, PE can reduce the expression of ezrin which could be the target spot of inhibiting proliferation of colon cancer cells.
Annexin A2 (AnXA2), a calcium-dependent phospholipid binding protein, is widely distributed in eukaryotic cell membranes, the cytoplasm and extracellular media, accounting for up to 0.5-2.0% of total cell protein (41) . It mainly participates in membrane transportation and in activities dependent on membrane calmodulin such as membrane fusion of exocytosis, vesicle trafficking, cell adhesion, proliferation, apoptosis, DnA replication, signal transduction and ion channel formation (42, 43) . Reports suggest that highly expressed AnXA2 in human colorectal cancer tissues/cells may be a diagnostic marker as well as a target for treatment and tumor prognosis (44) . here, AnXA2 in SW480 control cells were more highly expressed than cells treated with PE which inhibited proliferation and induced apoptosis and this likely occurred via regulation of the epidermal growth factor receptor signal transduction pathway with phosphorylation of tyrosin residues that signal through the Ras and PI3K pathways to control nuclear target gene expression (45) . In addition, AnXA2 may regulate expression of several apoptosis-related proteins (such as caspase-3, p53, or bc1-2; Figs. 5 and 6) to block apoptosis-related pathways (46) . Given the essential role in intracellular information conduction, AnXA2 may be an essential therapeutic target for tumor therapy by inhibiting its expression or eliminating its influence on signaling pathway.
In conclusion, SW480 treated with PE underwent significant changes in expression of various proteins that may serve as related targets for PE-inhibition of tumors in vitro. HSP, nPM1, Ezrin and Annexin A2 expression were upregulated or downregulated by PE and had antitumor effects by influencing cell apoptosis, proliferation and energy metabolism. This is a novel theory for further study the mechanism of action at a protein level and verification and functional analysis of these proteins requires further study.
